A bioreactor with a column of flocculated cells of the moderate halophile Micrococcus varians subsp. halophilus which adsorbed the halophilic nuclease H was designed to be used in the production of 5' nucleotides from RNA. A remarkable characteristic of the flocculated cells was that they preferentially adsorbed much exogenous nuclease, excluding adsorbed 5' nucleotidase. Furthermore, desalting treatment of the flocculated cells in the presence of 2% MgSO4 7H20 gave rise to selective inactivation of 5' nucleotidase without the loss of nuclease H activity, and 5'-guanylic acid was produced with the bioreactor. Kamekura and Onishi (3) found that a moderate halophile, Micrococcus varians subsp. halophilus, produced an extracellular nuclease when cultivated in media with high concentrations of NaCl, 2 to 3 M. Subsequently , they reported that the purified enzyme (designated nuclease H) showed halophilic properties with the highest activity in the presence of 2 to 3 M NaCl or KCl and degraded RNA and DNA exonucleolytically and processively, producing 5' mononucleotides (5). In one application of nuclease H, Kamekura et al. (2) reported the production of a flavoring agent, 5'-guanylic acid, from yeast RNA in a batch system, using a supernatant of the culture of this moderate halophile. In contrast, it is known that cells of M. varians subsp. halophilus (occurring singly or in pairs in normal cultures) flocculate in media containing 3 M NaCl and >40 mM magnesium and 14 mM phosphate (4, 6). The flocculated cells, which sedimented easily upon standing for 10 to 15 min, were shown to adsorb the nuclease H and other extracellular enzymes on their surface (6). Our preliminary experiments showed that the flocculated cells could be packed in a column with glass wool at the bottom, giving a reasonable flow rate. These facts suggested the possibility of using the flocculated cells as supporting materials for immobilized nuclease H. This paper describes the design of a bioreactor with a column of flocculated cells of the moderate halophile M. varians subsp. halophilus which preferentially adsorbed nuclease H, the selective inactivation of 5' nucleotidase without loss of the nuclease activity by decreasing the NaCl concentration of the flocculated cell suspension in the presence of MgSO4, and a trial of an application of the bioreactor to 5' nucleotide production.
A bioreactor with a column of flocculated cells of the moderate halophile Micrococcus varians subsp. halophilus which adsorbed the halophilic nuclease H was designed to be used in the production of 5' nucleotides from RNA. A remarkable characteristic of the flocculated cells was that they preferentially adsorbed much exogenous nuclease, excluding adsorbed 5' nucleotidase. Furthermore, desalting treatment of the flocculated cells in the presence of 2% MgSO4 7H20 gave rise to selective inactivation of 5' nucleotidase without the loss of nuclease H activity, and 5'-guanylic acid was produced with the bioreactor.
Kamekura and Onishi (3) found that a moderate halophile, Micrococcus varians subsp. halophilus, produced an extracellular nuclease when cultivated in media with high concentrations of NaCl, 2 to 3 M. Subsequently , they reported that the purified enzyme (designated nuclease H) showed halophilic properties with the highest activity in the presence of 2 to 3 M NaCl or KCl and degraded RNA and DNA exonucleolytically and processively, producing 5' mononucleotides (5) . In one application of nuclease H, Kamekura et al. (2) reported the production of a flavoring agent, 5'-guanylic acid, from yeast RNA in a batch system, using a supernatant of the culture of this moderate halophile. In contrast, it is known that cells of M. varians subsp. halophilus (occurring singly or in pairs in normal cultures) flocculate in media containing 3 M NaCl and >40 mM magnesium and 14 mM phosphate (4, 6) . The flocculated cells, which sedimented easily upon standing for 10 to 15 min, were shown to adsorb the nuclease H and other extracellular enzymes on their surface (6) . Our preliminary experiments showed that the flocculated cells could be packed in a column with glass wool at the bottom, giving a reasonable flow rate. These facts suggested the possibility of using the flocculated cells as supporting materials for immobilized nuclease H. This paper describes the design of a bioreactor with a column of flocculated cells of the moderate halophile M. varians subsp. halophilus which preferentially adsorbed nuclease H, the selective inactivation of 5' nucleotidase without loss of the nuclease activity by decreasing the NaCl concentration of the flocculated cell suspension in the presence of MgSO4, and a trial of an application of the bioreactor to 5' nucleotide production.
MATERIALS AND METHODS
Bacterial strain and culture conditions. The moderate halophile M. varians subsp. halophilus ATCC 21971 was used (3) . Basal medium CM (6) consisted of 1% Casamino Acids (Difco Laboratories), 1% yeast extract (Difco), and 3 M NaCl, pH 7 .0. The bacterium was cultivated aerobically for 4 days at 30°C, and the supernatant obtained by centrifuga-* Corresponding author. tion was used as the enzyme solution. Nuclease and 5' nucleotidase activities were assayed as described previously (6, 9) .
To obtain flocculated cells, the halophile was cultivated in 3 M NaCl-CM supplemented with 80 mM MgSO4 and 9 mM KH2PO4. The flocculated cells were harvested by centrifugation and suspended in 25 mM Tris buffer containing 2 M NaCl and 2% MgSO4. 7H20, pH 8.0, to give a KlettSummerson unit of 520 ± 5.
Assay of enzyme activities adsorbed on cells. The flocculated cells were collected by centrifugation and suspended in 3 M NaCl-10 mM Tris hydrochloride buffer, pH 8.0. After a few minutes, the partially deflocculated suspension was centrifuged to obtain a supernatant. The pellet was suspended again in the NaCl-Tris buffer, yielding a completely deflocculated cell suspension. The supernatants were combined, and nuclease H and 5' nucleotidase activities were measured as described above.
RNA degradation with a column of flocculated cells. The flocculated cells were enriched with nuclease H by suspension in the enzyme solution with 2% MgSO4 7H20 added, as described above. A 12.5-ml portion of the suspension was mixed with 1 g (wet weight) of Celite 545 which had been washed with distilled water. The slurry was poured into a column fitted with a water jacket, giving a column of 11 by 140 mm. After the column was washed with a buffer containing 3 M NaCl, 2% MgSO4 7H20, and 10 mM Tris hydrochloride, pH 8.0, 10 ml of 1% RNA in the buffer was charged and eluted with the same buffer. The flow rate was kept constant at 10 ml/h, and the effluents (2 g per tube) were collected.
Desalting treatment. The enzyme solution (supernatant of the CM culture) was concentrated at 0°C to one-tenth of its initial volume with an ultrafiltration module (lab cassette; Millipore Corp.) with a nominal molecular weight cutoff of 10,000. The concentrated enzyme solution was diluted to the initial volume with 25 mM Tris hydrochloride buffer, pH 8.0, containing 0 to 0.5 M NaCl with or without 2%
MgSO4. 7H20 and concentrated again with the module.
After this procedure was repeated three times, the enzyme solutions were incubated at 30°C and the activities were measured periodically.
The flocculated cells with increased nuclease activity by adsorption (as described above) were suspended in 25 mM Tris hydrochloride buffer, pH 8.0, containing 0 to 0.5 M NaCI and 2%c MgSO4 7H,O. After a few minutes, the cells were collected by centrifugation and suspended in the same solutions. This procedure was repeated three times, and then the suspension was incubated at 30°C.
Analytical methods. RNA content was determined by Schneider's method (13) . The degree of RNA degradation was determined by measuring the increase in 75% ethanolsoluble nucleotides (2) . RNA degradation products were analyzed by high-performance liquid chromatography (14) after removal of salt from the samples with a small column of active charcoal, as described previously (2) . The Hitachi 655A-11 apparatus used was equipped with a packed column, Asahipak GS-320 (7.6 by 500 mm). The solvent was 6.5 mM sodium phosphate buffer, pH 3.25. The flow rate was 2.0 ml/min, and the effluent was monitored at 260 nm.
Chemicals. Yeast RNA type XI for the assay of nuclease H, cytidylic acid (5'-CMP), and uridylic acid (5'-UMP) were purchased from Sigma Chemical Co. Adenylic acid (5'-AMP), guanylic acid (5'-GMP), and four nucleosides were products of Wako Pure Chemical Industries Ltd. Celite 545 was a product of Johns-Manville. Crude yeast RNA, obtained from Tokyo Kasei Kogyo Co. Ltd., was boiled in 20% NaCl for 4 h and filtered to get rid of insoluble materials, as described previously (2 RNA degradation by using a bioreactor. RNA was degraded at 40 and 60°C, using a floc column bioreactor prepared as described in Materials and Methods. Some 70 and 31%, respectively, of the RNA loaded onto the floc column was degraded during the procedure at those temperatures. The control experiments showed that nonenzymatic degradation of RNA did not occur at these temperatures. Degradation products at 60°C were 5'-AMP, 5'-UMP, and 5'-CMP, while 5'-GMP was not detected at all, and a considerable amount of guanosine was detected in the products, suggesting the complete decomposition of 5'-GMP, once formed, by 5' nucleotidase to guanosine (Table 2) . On the other hand, degradation of RNA at 40°C resulted in the absence of 5'-AMP as well as 5'-GMP. Comparison of the sum of each nucleotide and its corresponding nucleoside suggested a further degradation of nucleosides, particularly adenosine, to bases and ribose. This was further confirmed by following the time course of the formation of nucleotides and nucleosides by using enzyme solution (Fig. 1) .
Selective inactivation of 5' nucleotidase by desalting. The effect of a desalting treatment in the presence of 2% MgSO4. 7H,O on activities of the enzyme solution is shown in Fig. 2A . The nuclease was stable in the absence of NaCl for as long as 160 h, whereas 5' nucleotidase was inactivated rapidly under the same conditions. In the absence of MgSO4, however, the nuclease activity also was lost rapidly at 0 to 0.5 M NaCl (data not shown).
Desalting treatment of the enzymes adsorbed on the flocculated cells was also carried out in the presence of 2% MgSO4 7H20. The nuclease was stable in the absence of NaCl, while the 5' nucleotidase activity was gradually lost (Fig. 2B) , with remaining activity of 4, 14, and 38% at 0, 0.1, and 0.5 M NaCl, respectively, after 164 h. Desalting treatment in the absence of MgSO4 was not examined because the flocculated cells were deflocculated. Thus, it was demonstrated that a desalting treatment of the flocculated cells with 25 mM Tris hydrochloride buffer, pH 8, containing 2% MgSO4. 7H20 was quite effective for selective inactivation of 5' nucleotidase without loss of nuclease activity.
RNA degradation by a column bioreactor after desalting treatment. The degree of RNA degradation at 50°C by a treated and an untreated bioreactor was 43.9 and 87.0%, respectively. Quantitative analysis of the products showed that the amount of 5' nucleotides produced by the treated bioreactor was larger than that produced by the untreated one, except 5'-UMP, in spite of the low RNA degradation rate (Table 3) . In particular, a flavoring agent, 5'-GMP, was produced by the treated bioreactor but not by the untreated one. The amount of 5'-AMP, the precursor of the flavoring agent 5'-inosinic acid (5'-IMP) (1) , in the product produced by the treated bioreactor was about 10-fold larger than that produced by the untreated one. Thus, it was demonstrated that, after desalting treatment, the bioreactor was effective for production of 5' nucleotides, especially 5'-GMP and 5'-AMP.
DISCUSSION
Commercial application of halophiles and the halophilic enzymes has rarely been reported. Kamekura et al. (2) suggested an application for the halophilic nuclease H in the production of 5'-GMP in a batch system, using the supernatant of the culture broth of the moderate halophile M. varians subsp. halophilus. Maximal activities of nuclease H and 5' nucleotidase were observed at 50 and 25°C, respectively (2). Thus, degradation of RNA at 60°C resulted in successful formation of 5'-GMP by suppression of activity of 5' nucleotidase.
Although no activity of 5' nucleotidase was detected at 60°C, nuclease H activity was also reduced to 30% of that at the optimal temperature (2) . Immobilization of enzymes in general has some advantages: greater stability of the enzymes and higher product/enzyme ratio available because the enzymes can be used continuously. Nuclease P1 from Penicillium citrinum has been utilized for the industrial production of flavoring agents such as 5'-IMP (by deamina- 60°C , however, were not successful. The biggest difference between the batch system and the bioreactor system was that the 5' nucleotidase activity was several times greater than the nuclease H activity in the bioreactor system while that in the batch system was only 1.7-fold higher than nuclease H (Table 1 ). Another point is that the crude preparation of the 5' nucleotidase showed the highest activity against 5'-GMP (2) . Furthermore, 5' nucleotidase adsorbed on the flocculated cells was more stable than that in solution. These points might have been responsible for the failure of 5'-GMP production with the intact bioreactor system. Kamekura and Onishi (3) have reported that nuclease H was inactivated completely by dialysis against 10 mM Tris hydrochloride buffer, pH 8.0, containing <0.1 M NaCl for 24 h at 5°C, while the enzyme was protected from inactivation when 10 mM Mg2" was added to the dialysis buffer. Our study demonstrated that 5' nucleotidase was inactivated rapidly at low NaCl concentrations even in the presence of 80 mM MgSO4. Thus, a desalting treatment of the flocculated cells in the presence of MgSO4. 7H20 was quite effective for the selective inactivation of 5' nucleotidase and for 5'-GMP production from RNA with the bioreactor.
